At the emergence of endothermic vertebrates, GC rich regions of the ectothermic ancestral genomes underwent a significant GC increase. Such an increase was previously postulated to increase thermodynamic and structural stability of proteins through selective increase of protein hydrophobicity. Here, we found that, increase in GC content promotes a higher content of disorder promoting amino acid in endothermic vertebrates proteins and that the increase in hydrophobicity is mainly due to a higher content of the small disorder promoting amino acid alanine. In endothermic vertebrates, prevalence of disordered residues was found to promote functional diversity of proteins encoded by GC rich genes. Higher fraction of disordered residues in this group of proteins was also found to minimize their aggregation tendency. Thus, we propose that the GC transition has favored disordered residues to promote functional diversity in GC rich genes, and to protect them against functional loss by protein misfolding.
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in protein interaction networks (Gsponer and Babu, 2009 ). Absence of any fixed conformation incites these proteins to accomplish diverse functions (Dunker et al., 2001) . Therefore, protein disorder has been associated with protein multifunctional characteristics (Bellay et al., 2011) . At the primary structure level, IDPs were found to be biased towards charged and polar amino acids and are depreciated of hydrophobic and aromatic amino acids (Dunker et al., 2001) . For this biased amino acid preference, it has been proposed and experimentally confirmed that IDPs can prevent protein aggregation (Tompa, 2002; Linding et al., 2004; Monsellier et al., 2008; Panda et al., 2012) .
Comparative studies between ectothermic and endothermic vertebrates have shown that the frequency of amino acids coded by GC rich codons (G, A, R, P) increases with the increase in GC content at the third codon position (GC3), while, that of amino acids coded by GC poor codons (F, Y, M, I, N, K) decreases (Cruveiller et al., 1999; D'Onofrio et al., 1999; Banerjee et al., 2005) . G, A, R, P being more abundant in disordered regions are known as the disorder promoting amino acids. On the other hand, F, Y, I and N are order promoting amino acids (Dunker et al., 2001; Pavlovic-Lazetic et al., 2011) . Therefore, the shift in genomic GC within the vertebrates could be expected to induce disordered residues in proteomes that experienced GC transition. However, the effect of such transition on protein disorder content remains unexplored. So, in this study, we analyzed the impact of the isochore evolution on protein intrinsic disorder content. To get a generalized view, we considered different lineages of amniotes (Eutheria, Marsupial, Monotreme, Reptilia) and conducted our study with nine representative genomes: human (Homo sapiens), mouse (Mus musculus), chimpanzee (Pan troglodytes), chicken (Gallus gallus), dog (Canis familiaris), opossum (Monodelphis domestica), platypus (Ornithorhynchus anatinus), American alligator (Alligator mississippiensis) and painted turtle (Chrysemys picta). We choose mainly amniote lineages for our study because only amniotes are supposed to have true isochore structures (Duret et al., 2006) . To track the major events of compositional genome transition we compared the GC content of genes from those genomes with that of orthologous genes from Xenopus tropicalis. We choose Xenopus because Xenopus is an amphibian genome without any GC rich isochore and has been widely used for this type of comparative studies (Caccio et al., 1997; Cruveiller et al., 1999; Cruveiller et al., 2000; D'Onofrio and Ghosh, 2005; Costantini et al., 2009) . Here, we found that in endothermic vertebrates GC transition is associated with an increase in protein disorder content. However, no such trend was observed in ectothermic vertebrates either in the turtle or in the alligator genome. Detailed analysis with human-Xenopus orthologous protein pairs revealed that GC transition increases the propensity of disorder promoting amino acids along with the protein hydrophobicity. On the functional level, disordered residues were Chapter 4: GC-made protein disorder……………… Adapted from: Panda A, Podder S, Chakraborty S, Ghosh TC: GC-made protein disorder sheds new light on vertebrate evolution. Genomics, (2014).
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found to reduce protein aggregation propensity and to induce protein multifunctional property specifically in GC rich gene class of endothermic vertebrates.
Results

Compositional transition within vertebrates: effects on protein intrinsic disorder content
It is known that the compositional transition concerned only a small part of the genome (neogenome), whereas most of the other part remained unaffected (paleogenome) (Bernardi, 2000) .
So, to track the event of genome transition, genes in those nine vertebrate genomes were classified into two groups (i) transition group and (ii) non-transition group. In each genome, genes showing ΔGC3 (relative to orthologous Xenopus genes) ≥ 20 % have been considered to undergo an effective transition and are referred as transition group (D'Onofrio and Ghosh, 2005; Banerjee et al., 2006) . On the other hand, genes showing ΔGC3 = ± 5% have been considered to undergo no such transition and are denoted as non-transition group (D'Onofrio and Ghosh, 2005; Banerjee et al., 2006) . When we compared protein intrinsic disorder content between these two groups, it was observed that in endothermic vertebrates (human, chimpanzee, mouse, dog, chicken, platypus and opossum) proteins in transition group contain on an average ~2-5% higher fractions of disordered residues than the proteins in non-transition group ( Figure. 4.1. A). Most of these differences are significant at more than 95% confidence level. However, the difference is weakly significant in the case of the mouse genome (P = 0.0459), may be due to its homogenized genomic GC composition (Robinson et al., 1997) . To observe whether proteins in transition and non-transition groups also differ in their relative disorder increment, we calculated Δdisorder from orthologous Xenopus proteins. From Figure. 4.2. B it is evident that, in endothermic vertebrates proteins in transition group have gained significantly more disordered residues than the proteins in non-transition group. However, no such significant difference of protein disorder content or Δdisorder was observed between transition and non-transition groups either in the alligator or in the turtle genome ( Figure. 
Confounding factors that can modulate protein intrinsic disorder in trasition and non-transition groups:
One of the potential caveats is that our results are based on the analysis of limited numbers of orthologous gene pairs. However, the gene set chosen in this study are representatives of the whole genome that they share the same compositional properties with the entire set of coding sequences in
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Choice of GC boundary can also confound our results. For the human genome, the boundaries between genes in transition and non-transition groups were set at ~45% and 65% GC3 level of human genes (Cruveiller et al., 1999; Cruveiller et al., 2000; D'Onofrio and Ghosh, 2005) . To check whether the results are independent of the criterion based on ΔGC3, we binned human genes into transition (GC3 > 65%) and non-transition group (GC3 < 45%) according to this criterion and found similar results (Figure. 4.4.) . To confirm that the criterion of ΔGC3 reflects genome transition, we mapped the genes in transition and non-transition groups from four genomes (human, chimpanzee, mouse and dog with available isochore map) to their respective isochore localization (details in section given in 4.5.3).
Our results showed that in human, chimpanzee and dog genomes, genes in transition group are embedded within isochores of much higher GC content (~47-48% isochore GC, the lower limit of H2 isochores) than the genes in non-transition group (~41-42% isochore GC, the upper limit of L2 isochores) ( Figure. 4.5.). However, in the mouse genome the difference is much less, may be due to its homogenized genomic composition (Robinson et al., 1997) . Next, we analyzed whether biased nucleosome positioning can confound our results. Nucleosome formation potential (average nucleosome occupancy score and average of the probability that a particular position being the start of a nucleosome) of nucleotide sequences encoding ordered and disordered regions of human proteins were calculated using two different web servers (for details see section 4.5.4). Thus, we observed that sequences encoding disordered regions have a slightly higher nucleosome formation potential than the nucleotide sequences encoding ordered regions (Table 4 .1). Moreover, we observed that disordered residues are avoided both at the nucleosome core and the linker region (Figure 4.6. and Figure. 4.7.) .
In line with this, we also analyzed whether disorder regions have affinity towards CpG islands (details given in section 4.5.4). For human orthologous gene set we found that more than 50% of proteins (2960 proteins out of 5735 human proteins analyzed in this study) contain no CpG islands within coding sequences. Out of 2775 remaining proteins, 1187 proteins were found to contain no long disordered region. For the rest of 1588 proteins containing CpG islands within coding sequences, we calculated the proportion of ordered and disordered residues within CpG regions. Our results revealed that ordered residues are much enriched within CpG islands than the disordered residues ( Figure. We calculated average number of ordered and disordered residues in these regions. (±2.654x10 -5 )
Correlation between GC and protein disorder: significance of amino acid choice
The trend that we observed in endothermic vertebrates strongly suggests that GC transition promotes disordered residues in place of Xenopus ordered residues. In accordance, we found significant positive correlation between ΔGC and Δdisorder for all the endothermic vertebrates (Table   1) . However, no such correlation was observed in the alligator genome, and a weak correlation was observed in the turtle genome (Table 4 .2.). To delve deeper into this issue, we analyzed how mutations at the codon level could affect the amino acid composition (details given in section 4.5.5). Our analysis based on the Mantel-Haenszel procedure revealed that Xenopus AT to human GC changes are strongly associated with the ordered to disorder promoting amino acid changes, while, Xenopus GC to human AT changes are strongly associated with the disorder to order promoting amino acid changes at the protein level (Mantel-Haenszel chi-square = 44134.85; P = 2.2 x 10-16).
Chapter 4: GC-made protein disorder………………
Adapted from: Panda A, Podder S, Chakraborty S, Ghosh TC: GC-made protein disorder sheds new light on vertebrate evolution. Genomics, (2014). It was previously demonstrated that at the primary structure level, polar and charged amino acids are likely to be abundant while bulky hydrophobic residues are depleted in the disordered regions [13] . So, high protein disorder in human GC rich genes could be assumed to increase their protein hydrophilicity. However, this scenario seems to be exceedingly conflicting because, proteins encoded by GC rich genes were shown to be hydrophobic by nature [1, 23, 24] . Here, we also found that human proteins in transition group are more hydrophobic than the proteins in non-transition group (average hydropathy value of proteins in transition group = -0.2966, that of proteins in non-transition group = -0.3718, P = 2.5 x 10-7). When we calculated Δhydrophobicity (deviation values of hydrophobicity between human and Xenopus orthologous proteins), we found that, proteins in transition group are more hydrophobic than their orthologous Xenopus proteins (Δhydrophobicity 0.019). On the other hand, proteins in non-transition group were found to be less hydrophobic than their orthologous Xenopus proteins (Δhydrophobicity -0.012; P = 1.65x10-14 for Δhydrophobicity 
Page | 82
Page | 83
between transition and non-transition group of human proteins). Therefore, it implies that GC transition is associated with protein hydrophobicity and disorder propensity simultaneously. To resolve this dilemma we specifically focused on the proteins in transition group and constructed amino acid substitution matrix for human and Xenopus orthologous proteins. We first analyzed the amino acid changes that led to an increase of hydrophobicity in human proteins. Since, hydrophilic to hydrophobic and amphipathic to hydrophobic amino acid substitutions can directly increase protein hydrophobicity, we particularly concentrated on these two types of changes. In agreement with previous studies, here we observed an overall bias for hydrophobic amino acids in place of hydrophilic and amphipathic amino acids of Xenopus proteins [23] . When we concentrated at each amino acid individually, it was observed, that the transitions from Xenopus hydrophilic and amphipathic amino acids to human hydrophobic amino acids have achieved through a specific choice of alanine residue, which is the only disorder promoting hydrophobic amino acid (Table 4. 3.). Next, we analyzed the changes that could be considered to increase disorder content in human proteins (order to disorder promoting amino acid substitutions). Here, we noticed that the transition from Xenopus ordered residues to human disordered residues favor hydrophobic or amphipathic disordered promoting amino acids over hydrophilic disorder promoting amino acids (Table 4 .4.). These results altogether imply that the compositional transition between human and Xenopus has achieved in a very selective way that has increased hydrophobicity along with disorder propensity of human proteins. Page | 86
Disorder Content Evolution in Human Proteins: functional
Advantages
Studies have been undertaken to find out the functional relevance of the isochore evolution (Bernardi, 1989; Cruveiller et al., 2004; Schmegner et al., 2005) . So, in this context, it would be relevant to ask whether the observed trend of higher disorder content confer any advantage for the proteins in transition group? To analyze the functional roles of disorder enriched proteins, we calculated protein multifunctionality in representative genomes of endothermic vertebrates and compared between transition and non-transition groups (details given in section 4.5.6). Here, we noticed that in these genomes, genes in transition group are annotated with significantly higher number of unique Gene Ontology (GO) terms relative to the genes in non-transition group (Table 4 .5.) (Ashburner et al., 2000) . To check whether ectothermic vertebrates follow the same trend we also performed the same analysis with alligator and turtle genomes. However, no such significant difference between the transition and non-transition group was observed either in the alligator or in the turtle genome (Table 4 .5.). Moreover, we found in endothermic vertebrates that proteins in transition group have experienced more changes in their multifunctionality (higher ΔGO) than the proteins in non-transition group (Table 4 .5.). In case of alligator and turtle genomes, we got negative ΔGO values in both the groups, which indicate that GC transition has no beneficial effect on protein multifunctionality in these two genomes. P values 5.0x10 -3 1.0x10 -3 2.8x10 -2 9.8x10 -1 6.5x10 -1
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It was ascertained that disordered regions stem from reverse sequential features that promote aggregation propensity (hydrophilic nature of disordered regions vs. hydrophobic origin of protein aggregation). Thus, disordered residues were found to minimize protein aggregation tendency (Linding et al., 2004; Monsellier and Chiti, 2007; Monsellier et al., 2008; Panda et al., 2012) . To further verify the significance of the protein disorder content increment in transition group, we analyzed protein aggregation propensity of human proteins and compared with that of orthologous positive Δaggregation propensity implies that human proteins in non-transition group have higher aggregation propensity than that of their orthologous Xenopus proteins. Therefore, it is clear that although GC transition increases protein hydrophobicity, it decreases protein aggregation propensity.
Such an unusual trend can be rationalized based on the strong anticorrelation between aggregation propensity and protein disorder content. Spearman's correlation coefficient between disorder content and aggregation propensity for proteins in human dataset is ρ = -0.321, P = 1 x 10 -6 .
Discussion:
High GC content of isochores has been linked to a number of structural and functional features and has been implicated in many important genomic properties such as gene density, regulation of gene expression, DNA replication, recombination, DNA bendability, epigenetic modifications and many more (Bernardi, 1989; Fullerton et al., 2001; Cruveiller et al., 2004; Schmegner et al., 2005; Arhondakis et al., 2011) . For their major implications in basic biological processes, isochores have been regarded as the fundamental level of genome organization (Eyre-Walker and Hurst, 2001) . In this study, we found an additional advantage of the isochore evolution that has been overlooked till date. Comparative studies between human and Xenopus have shown that, GC transition increases the propensity of amino acids encoded by GC rich codons, whereas, it depletes the amino acids encoded by GC poor codons (Cruveiller et al., 1999; Cruveiller et al., 2000) .
Considering the hydropathy values of those amino acids it has been proposed that, GC transition was favored because of protein hydrophobicity to increase protein stability (Cruveiller et al., 1999; D'Onofrio et al., 1999; Bernardi, 2000) . With a more diverse set of vertebrate genomes, here, we show that in endothermic vertebrates such mode of genome transition is also endowed with a parallel increase of protein disorder propensity. Although, this type of correlation between protein disordered residues and GC rich codons has been already reported in a number of studies, but its impact on the GC transition between vertebrate genomes remained unexplored (Begum and Ghosh, 2010; Pavlovic-Lazetic et al., 2011) . So, in this analysis, we took a major step to fill this gap. Considering the amino acid substitution matrix between human and Xenopus proteins we found an interesting result that the higher hydrophobicity of human proteins in transition group is due to the choice of amino acids that were used to promote disordered residues. Thus, it clearly emphasizes that, GC transition incorporates disordered residues even when there is an evolutionary pressure to increase protein hydrophobicity.
However, this trend was observed mainly in endothermic vertebrates, which are known to consist of highly heterogeneous genome with a higher proportion of GC rich isochores (Bernardi, 2000; Costantini et al., 2009) . GC rich isochore structures were also found in the genomes of some ectothermic vertebrates like turtle and alligator (Hughes et al., 1999; Chojnowski et al., 2007) .
Therefore, all amniotes are proposed to have GC rich isochores (Chojnowski et al., 2007) . However, there are some basic differences in isochore structures between ectothermic and endothermic vertebrates. Isochores of ectothermic vertebrates seldom rich the GC level of endothermic vertebrates and they are also compositionally much less heterogeneous than that of endothermic vertebrates (Bernardi, 1993b; Bernardi, 2000) . The observation that the turtle genome contain an intermediate GC heterogeneity between amphibians and endotherms further reinforces that compared to endothermic vertebrates the strength of isochore structure is much less in ectothermic vertebrates (Chojnowski and Braun, 2008) . In our study, we also noticed that GC rich genes are much less abundant in the turtle and the alligator genomes, than in most of the endothermic vertebrates studied here. Therefore, the observed dichotomy of disorder content evolution in ectothermic and endothermic vertebrates may be due to the less heterogeneous genome structures of the alligator and the turtle genomes.
In endothermic vertebrates, GC induced shift of protein disorder content was found to have important functional consequences. Its functional relevance was confirmed by the analysis of protein multifunctionality and aggregation propensity. It was noted that proteins with a higher fraction of disordered residues tend to be multifunctional, and thus disorder content was considered as a strong 
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predictor of protein multifunctional property (Bellay et al., 2011) . Here, we observed that genes that underwent genome transition tend to be multifunctional. This trend was observed in those genomes where we found a higher proportion of disordered residues in transition group than the non-transition group. Thus, our results suggest that GC transition has favored disordered residues to promote multifunctional characteristics in GC rich genes. Aggregation-prone sequences are known to perturb cellular functions by forming undesired protein deposition. Since, aggregation-prone residues share a hydrophobic origin, proteins in transition group (hydrophobic) could be expected to have a higher aggregation tendency (Chiti et al., 2003; Dobson, 2004) . In contrast, our results revealed that although GC transition increases their hydrophobicity, it decreases their aggregation tendency. Several mechanisms were proposed to prevent protein aggregation (Monsellier and Chiti, 2007; Tyedmers et al., 2010) . Due to their extreme conformational flexibility disordered regions can suppress protein self-assembly (De Simone et al., 2012) . Thus, strategic use of disordered residues was proven to be an effective way to combat such unwanted protein deposition (Linding et al., 2004; Monsellier and Chiti, 2007; De Simone et al., 2012) . Therefore, disordered residues may have been promoted specifically in the proteins of GC rich genes to reduce their aggregation tendency. Based on the results presented in this study we propose that the higher intrinsic disorder in GC rich genes is an evolutionary force that multiplies their functional importance and at the same time reduces their aggregation tendency. Prior studies have focused on the role of protein hydrophobicity in GC rich genes (Cruveiller et al., 1999; Bernardi, 2000) . Here, we found that the genomic transition within vertebrates also increases protein disorder propensity in endothermic vertebrates, which ultimately reduces protein aggregation propensity and induces protein multifunctionality in genes that underwent GC transition.
Potential caveats:
Our results are based on the analysis of limited number genes from each genome. However, the orthologous gene pairs that have been used in this study are the largest possible pairs that can be retrieved from current databases. To remove possible misidentification of orthologs due to copy number variation we considered only one-to-one orthologs. Thus, it limits the number of available gene pairs, but certainly represents the best possible pairs. When we compared their compositional distribution, it was noticed that these genes could be considered as the representatives of the whole genomes. Thus, the results obtained with these datasets correspond to the previous findings regarding protein hydrophobicity and amino acid substitutions between human Xenopus orthologous proteins (Cruveiller et al., 1999) . Prior studies have noted that in endothermic vertebrates there are two classes 
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of genes, one that underwent genome transition and another that did not (Bernardi, 1993b; Bernardi, 2000) . One way to define these two gene groups is to sort them according to the GC3 levels of GC rich and GC poor isochores (D'Onofrio and Ghosh, 2005) . For the human genome the boundaries between these two gene groups were set at approximately 45% and 65% GC3 level of human genes (Cruveiller et al., 1999; Cruveiller et al., 2000) . However, no such GC3 boundary has been set for alligator and turtle genomes. Moreover, even closely related organisms (such as human and mouse) often exhibit different isochore boundaries [3] . Thus, it is difficult to define a single reasonable GC3 boundary that can be applied across all those genomes. On the other hand, the criterion that has been used in this study is independent of individual's isochore boundary. Further, this criterion was considered to be better than the criterion based on genic GC3 boundary (D'Onofrio and Ghosh, 2005) .
Our results also reflect that the criterion of ΔGC3 can successfully identify genes in GC rich and GC poor isochores in the endothermic vertebrates. However, since no isochore map is available for the turtle and the alligator genomes, it remains to be tested whether this criterion could be applied in the ectothermic vertebrates as well. Previous studies have noticed that GC rich and GC poor genes display different chromatin conformations (Saccone et al., 2002; Vinogradov, 2005) . With more extended chromatin structure, GC rich regions were found to have a lower nucleosome formation potential than the GC poor regions (Dekker, 2007) . One possibility is that disordered regions may have an inherent propensity for open chromatin conformation. Therefore, the higher protein disorder in transition group may not be due to the GC transition, but due to their biased nucleosome positioning. However, in this study, we found that both ordered and disordered regions stem from regions with identical nucleosome formation potential with slightly higher potential in disordered regions. Therefore, nucleosome conformation may not be a strong biasing factor in our study. DNase hypersensitive sites characterize regions of open chromatin structure (Di Filippo and Bernardi, 2008; Madrigal and Krajewski, 2012) .
However, our results revealed that sequences encoding disordered regions have no particular affinity for open chromatin conformation. Thus, it suggests that DNase hypersensitive sites could hardly modulate our results. CpG islands, the only potential methylation sites in vertebrate genomes were found to be overrepresented in GC rich regions (Bernardi, 1989) . However, here we found that only a subset of disordered proteins contains CpG islands within coding regions. Moreover, the density of CpG islands was found to be higher in the ordered regions rather than in the disordered regions. Thus, it seems feasible to propose that, higher protein disorder in GC rich genes is not due to biased positioning of CpG islands. Phenotype primarily depends on changes in gene expression rather than the changes in coding sequences (Arhondakis et al., 2011) . However, in this study we mainly concentrated on changes in protein disorder content between ectothermic and endothermic vertebrates. 
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Uncovering the impact of changes in gene expression could be a fruit full research area for further studies.
Conclusion:
Our comparative analysis revealed that the genomic transition from amphibians to endothermic vertebrates is associated with a concomitant increase of protein intrinsic disorder content. Increment of disordered residues in human proteins was found to be accomplished by the directional usage of disorder promoting amino acids that could also retain their hydrophobic environment. Here, we also found that this striking increment of protein disorder content provides functional advantages in genes that underwent genome transition. Our analysis also established that the correlation between GC content and protein disorder is not due to any genomic bias that may confound our results. Overall, our results suggest that high protein disorder in GC rich genes in an evolutionary innovation that can optimize gene function and provide functional advantages for cell survival and protein stability.
Materials and methods
Collection of dataset:
Protein Page | 92
Prediction of protein intrinsic disorder content:
We predicted the disordered residues of proteins from IUPred algorithm (Dosztanyi et al., 2005a) . IUPred, a widely used tool for predicting protein disorder, assigns disorder tendency score for each residue based their ability to form favorable pairwise contacts with neighboring amino acids (Dosztanyi et al., 2005b) . As IUPred has not been trained on any specific dataset, it gives an unbiased estimation of disordered residues within a protein and has been benched marked as one of the top disorder predictors that predicts disorder residues from protein sequences (Dosztanyi et al., 2007) . To reduce incorporation of flexible loops in disorder prediction, only 30 or more consecutive predicted disordered residues at a stretch were assumed to be the potential disordered regions within the protein, and the rest were marked as ordered regions (Light et al., 2013) . Protein disorder content was defined as the fraction of the total number of such disordered residues within a protein.
Mapping of genes to their corresponding isochores:
We used published isochore map of four genomes (human, chimpanzee, mouse and dog) to assign genes in the transition and the non-transition groups to their corresponding isochores.
Chromosome wise genomic coordinates of the isochores and their average GC content were extracted from (Costantini et al., 2006; Costantini et al., 2009 ). However, the maps were constructed using the older version of genome assemblies. Therefore, we used UCSC liftover tool to the get the coordinates in the assemblies corresponding to Ensembl release 70 (e.g. for human hg17 to hg19, for chimpanzee pantro 2 to pantro4, for mouse mm 9 to mm10, for dog canfam2 to canfam3).
Analysis of nucleosome occupancy and CpG islands between ordered and disordered regions:
Nucleosome formation potentials of nucleotide sequences encoding ordered and disordered regions were analyzed by two independent prediction web servers NuPoP (Wang et al., 2008; Xi et al., 2010) and the prediction server from Segal Lab (Kaplan et al., 2009 ). Nucleosome formation potential was calculated for 2658 human orthologous proteins containing both long ordered and long disordered regions (stretch of 30 or more consecutive predicted ordered/disordered residues). For each nucleotide, these web servers predict the average nucleosome occupancy score along with the probability that the position being the start of a nucleosome. To get an idea about nucleosome formation potential of ordered and disordered regions we considered both these two scores. Entire unspliced transcripts were concatenated with 3kb upstream and downstream regions to remove boundary effects (Kaplan et al.,
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2009). We averaged those scores over the length of sequences encoding ordered and disordered regions respectively. NuPoP additionally classifies each position as the nucleosome core or the linker region. We calculated the proportion of ordered and disordered residues in the nucleosome core and the linker regions respectively.
CpG islands were predicted by ‗CpG Island Searcher' using default criteria (Takai and Jones, 2003) . To predict CpG islands we used unspliced transcripts along with 3Kb flanking sequences and then mapped to the coding sequences. We calculated the proportion of ordered and disordered residues within the regions predicted as CpG islands.
Association between GC changing substitutions and disorder promoting amino acid mutations:
Orthologous proteins from human and Xenopus were aligned using Clustalw2. For each orthologous protein pairs, we created respective codon alignment from the human and Xenopus gene sequences. Both the alignments have been written side by side so that for each amino acid substitution from Xenopus to human we can trace the associated codon changes. When a Xenopus codon has been mutated to a higher GC codon in human, we called this as GC increasing substitution. Otherwise, if a
Xenopus codon gets a lower GC value in human, we called this as GC decreasing substitution. Human and Xenopus amino acids at orthologous sites have been classified into the order and disorder promoting according to Pavlovic-Lazetic et al., 2011 (Pavlovic-Lazetic et al., 2011 . For each orthologous gene pairs, we then calculated how often GC increasing mutations between Xenopus and human codons are associated with the order to disorder or disorder to order promoting amino acid changes. For GC decreasing mutations between Xenopus and human codons, we also did the same thing. We put these results in the form of 2x2 contingency tables, one example of such a table for a random human-Xenopus orthologous gene pair has been given in Table S3 . Contingency tables having sum of all four entries less than two were removed because the application of Mantel-Haenszel procedure on those tables yields an undefined result (Lee et al., 2010) . A number of cells had zero value, these could lead to an undefined result, so we add small value 0.5 to each cell of each table (Harris et al., 2008) . This is known as Haldane correction and used for contingency tables having zero cell value. Association between GC changing substitutions and disorder promoting amino acid substitutions was analyzed by using the Mantel-Haenszel procedure (Mantel and Haenszel, 1959) . To
